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Proteinases secreted by the oomycete Phytophthora infestans (Mont.) de Bary, Rhizoctonia solani, and Fusarium culmorum belong-
ing to diﬀerent families of fungi have been studied to determine if the exoenzyme secretion depends on the environmental condi-
tions and the phylogenetic position of the pathogen. The substrate speciﬁcity of the extracellular proteinases of F. culmorum, R.
solani,a n dP. infestans and their sensitivity to the action of synthetic and protein inhibitors suggest that they contain trypsin-like
and subtilisin-like enzymes regardless of culture medium composition. The relation of trypsin-like and subtilisin-like enzymes is
dependent on the culture medium composition, especially on the form of nitrogen nutrition, particularly in the case of the exo-
enzymessecreted byR.solani.Phylogenetic analyseshaveshownthattheexoproteinasesetofascomycetes andoomycetes hasmore
similarities than basidiomycetes although they are more distant relatives. Our data suggests that the multiple proteinases secreted
by pathogenic fungi could play diﬀerent roles in pathogenesis, increasing the adaptability and host range, or could have diﬀerent
functions in survival in various ecological habitats outside the host.
1.Introduction
Fungi and oomycetes are responsible for many of the most
devastating plant diseases that lead to very signiﬁcant losses
in the agricultural sector worldwide. Approximately 100,000
species of fungi and oomycetes have been described, but only
averysmallproportionofthesearepathogenic[1].However,
phylogenetic studies have shown that disease-causing patho-
gens are not necessarily closely related to each other. In fact,
they are spread throughout all taxonomic groups of fungi,
oftenshowingacloseevolutionaryrelationshiptononpatho-
genic species [2]. It therefore seems likely that phytopatho-
genicity has evolved as a trait many times during fungal and
oomycete evolution [2]. A signiﬁcant eﬀort has been made
into the identiﬁcation of pathogenicity determinants such as
individual genes that are essential for a pathogen to invade
a host plant successfully but that are dispensable for sapro-
phytic growth [3].
Despitethediﬀerentoriginanddiﬀerentsiteonthephylo-
genetic tree of the true fungi and oomycetes [4], it has been
shownthatarangeofsecretedproteinsknownaseﬀectorsare
important for establishing infection of the host plant [2].
These secreted proteins can suppress plant defenses and sub-
vert cellular processes to suit the needs of invading patho-
gens. They include a number of secreted proteinases, tran-
scriptional factors, and components of signal transduction
pathways. In fungi, the proteinases can play either a general
n u t r i t i v er o l eo rs p e c i ﬁ cr o l e si nc e l lm e t a b o l i s mo ra sp a t h o -
genicity or virulence factors. In fungi aspartate, cysteine,
metallo-, serine, and threonine proteinases, as well as un-
characterized classes of proteinases, have been identiﬁed [5].
A total of 282,061 predicted proteins were grouped into
23,724 clusters, and only 16 clusters contained proteins that
were found in all 34 species of fungi but which were absent
from some species of oomycetes [6]. This number of fungal-
speciﬁc clusters is surprisingly low considering the phyloge-
netic distance between the oomycetes and fungi. Pathogenic-
ity factors have been deﬁned as genes that are essential for
successfulcompletionofthepathogeniclifecyclebutdispen-
sable for saprophytic growth [6].2 Journal of Pathogens
Fungal life style and environment determine the array of
enzymes that are expressed. Fungi have many trophic rela-
tionships with diﬀerent groups of organisms. Proteinases
that are secreted by fungi (especially pathogens) allow them
to adapt to diﬀerent living conditions. Fungi have expanded
their repertoire of peptidases throughout evolution to take
advantagesofdiﬀerentproteinsources.Proteinasesaredivid-
edintosixmainclasses—serine,cysteine,threonine,aspartic,
glutamic, and metallopeptidases, according to the nature of
functional groups in the active center of the enzyme mole-
cule.Extracellularproteolyticenzymesofthefungiarerepre-
sented to a large degree by serine proteinases. There are two
major families of serine proteinases that are present in fungi:
subtilisin (S8) and chymotrypsin (S1) families [5]. The
chymotrypsin family includes trypsins and chymotrypsins
andmostoftheseenzymesinfungiaretrypsins.Accordingto
preliminary observations, the production of trypsin-like en-
zymes is characteristic of plant pathogens whereas extracell-
ular endoproteolytic activity of saprotrophs is provided
mainly with subtilisin-like enzymes [7–9].
The most essential enzymes for pathogenesis can well be
those that allow the fungus to penetrate the protective cutin
layer of the plant epidermis and disrupt the pectin matrix of
the plant cell wall in which cellulose ﬁbrils are embedded.
There seems to be a number of proteinase and peptidase
domains that are more common in the genomes of phyto-
pathogens [6, 10] .P r o t e o l y s i si sa ne s s e n t i a lp a r to fm a n y
physiological processes in all living organisms. Proteinases
are also implicated in many pathological conditions in ani-
mals and plants and are considered as important virulence
factors of many pathogens, including viruses, bacteria, fungi,
and parasites. Proteinases from microorganisms display
manyuniquecharacteristicsintermsofcatalyticmechanism,
substrate speciﬁcity, activation mechanism, thermostability,
andpHoptimum[11].Fungicouldrepresentanothersource
of proteinases with novel characteristics, as proteinases play
a major role in the physiology, morphogenesis, and meta-
bolism of fungi. In view of these functions, proteinases of
several catalytic classes have been identiﬁed as being secreted
frommycelia.Theyincludeserineproteinases,mostofwhich
have been classiﬁed as subtilisins [12].
The purpose of this study was a comparative analysis
of proteinases secreted by Phytophthora infestans (Mont.) de
Bary, Rhizoctonia solani, and Fusarium culmorum that are
causal agents of several potato diseases. The pathogenic
microorganisms belong to diﬀerent families of fungi and
pseudofungi. We thought that the data obtained from this
study may help clarify the question whether their composi-
tion depends on the phylogenetic position of the pathogen.
2.MaterialsandMethods
2.1. Organisms and Cultivation Methods. The isolates of Phy-
tophthora infestans (Mont.) de Bary, Rhizoctonia solani Kuhn
(AG-3) 153, and Fusarium culmorum (W. G. Sm.) Sacc. were
suppliedbyPotato,Vegetable,andFruitScientiﬁcandPracti-
cal Center of the National Academy of Sciences of Belorussia.
The cultures were maintained on oatmeal agar and stored
at room temperature (21◦C). Culture media were tested for
suitabilitytogivegoodgrowthaswellasforadequateenzyme
production.Thefollowingmediaweretested:(I)per100mL:
KH2PO4 (0.15g); MgSo4·7H2O2 (0.025g); FeSO4·7H2O2
(1mg); thiamine (1mg) and riboﬂavin (1mg); (II) the med-
ium I plus yeast extract (1g). Mycelium was harvested on a
weighed Whatman No. 41 ﬁlter paper, washed with a small
quantity of warm distilled water, heated overnight in an oven
at about 90 ± 2◦C, cooled in a desiccator, and weighed. No
further loss in weight was obtained by longer periods of
drying.
2.2. Enzyme Preparations and Assays. Crude culture ﬁltrate
obtained after harvesting mycelium was used for enzyme
assays. Culture medium was inoculated in Erlenmeyer ﬂasks
(500mL) by introducing 15mL of spore suspension into
150mL of the culture medium. Exoproteinases were isolated
from the culture medium after 12 days of growth of the
microorganism. Proteins were precipitated with (NH4)2So4
at 80% (w/v) of saturation. The precipitate was separated by
centrifugation at 10000g for 30min at 4◦C. The precipitate
was dissolved in water, desalted by gel chromatography on
Sephadex G-25, and used for the enzyme assays.
ProteolyticenzymeactivitywasdeterminedbytheKunitz
method [13] using 1% casein, 0.5% azocasein, and 0.5%
hemoglobin as substrates. Time of azocasein hydrolysis was
30min, and for casein and hemoglobin it was 1h.
The activity of cysteine proteinases was evaluated in the
presence of 25mM L-cysteine and 1mM EDTA according to
the modiﬁed Kunitz method [13]. One unit of proteolytic
activity(U)istheamountofenzymethatleadstoanincrease
in optical density in 0.1 at 366nm (with azocasein) and at
280nm (with casein and hemoglobin) within 1min.
Amidase enzyme activity was determined by the method
of Erlanger et al. [14] using synthetic and p-nitroanilide sub-
strates: Nα-benzoyl-L-arginine p-nitroanilide (BAPNA), N-
carbobenzyloxy-L-alanyl-L-alanyl-L-leucine p-nitroanilide
(Z-AALPNA, Bachem, Switzerland), and N-succinyl-L-phe-
nylalanine p-nitroanilide (Suc-FPNA), N-succinyl-glycyl-
glycyl-L-phenylalanine p-nitroanilide (Suc-GGFPNA), L-
leucine p-nitroanilide (LPNA), N-acetyl-L-alanyl-L-alanyl-
L-alanyl p-nitroanilide (Ac-AAAPNA, Bachem, Switzer-
land). The substrate concentration was 0.5mM. One unit of
amidaseactivity(AU)wastheamountofenzymethathydro-
lyzed 1nmol of the substrate in 1min.
In the inhibitor analysis the following inhibitors were
used: iodoacetamide (IAA, 1mM), chloromethylketone to-
syl-L-lysine (CMKTL, 1mM), chloromethylketone tosyl-L-
phenylalanine (CMKTP, 1mM), ethylenediaminetetraacetic
aciddisodiumsalt(EDTA,4.0mM),DL-dithiothreitol(DTT,
1mM), phenylmethanesulfonyl ﬂuoride (PMSF, 1mM), p-
chloro-mercurybenzoate (PCMB, 1mM), and diisopropyl
ﬂuorophosphate (DIFP, 0.2mM).
2.3. Electrophoresis. Electrophoresis in 20% polyacrylamide
gel in the presence of sodium dodecyl sulfate (SDS-PAGE)
and ß-mercaptoethanol was performed by the method of
Laemmli [15]. Gels were stained with 0.1% solution of
Coomassie R-250 in 20% ethanol with 5% formaldehyde.Journal of Pathogens 3
To obtain the zymograms SDS-PAGE electrophoresiswas
carried out in the presence of copolymerized substrate (gela-
tin 0.1%) by the method of Heussen and Dowdle [16]. Pro-
tein samples (not more 50mcg) were applied without prior
heating. Upon electrophoresis ending gels were washed with
Triton X-100 (2.5%) under vigorous stirring, rinsed with
0.1M glycine-NaOH buﬀer pH 7.8, and incubated overnight
inthesamebuﬀeratroomtemperature.Gelswerethenstain-
ed with 0.1% amidoschwarz in ethanol:acetic acid:water
(3:1:6) for 1h and washed with the same solution without
the dye. Proteins with proteolytic activity were detected as
colorless bands against a deep blue colored background of
the stained gelatin.
2.4. Protein Content. Protein content was determined by
with BSA as a standard using Bradford’s modiﬁed method
[17].
All experiments and assays were carried out at least in
triplicate and the results are presented as mean values ob-
tained with an indication of the standard deviation.
The chemicals were used of the following companies:
azocasein and hemoglobin (Sigma Chemicals Co., USA),
casein (Biolar, Latvia), the synthetic substrates mentioned
(Sigma, if other not indicated), the synthetic inhibitors men-
tioned (Sigma), and LMW Calibration Kit (Sigma).
3. Results andDiscussion
Culture ﬁltrates of P. infestans (Mont.) de Bary, R. solani,a n d
F. culmorum were tested for the activities of the exoprotein-
ases. The inﬂuence of several environmental factors on the
production of extracellular proteinases of these microorgan-
isms was studied systematically in controlled batch cultures.
Not all of the deﬁned media tested in the study gave pro-
duction of the examined enzymes, although they all sup-
ported fairly good growth (see Figure 1). So we did not ob-
serve some changes in yield of proteinases secreted into the
culture medium when it was inoculated with these isolates
into the semisynthetic culture medium containing KH2PO4,
MgSO4, FeSO4, thiamin, and riboﬂavin.
As the studied pathogen isolates caused the most dev-
astating diseases of potato, we added to the culture media
the heat-stable potato tuber proteins. This initiated the
secretion of proteinases by fungi R. solani and F. culmorum
(Figures 1(b) and 1(c)). In the case of P. infestans the exo-
proteinase activity remained low and practically unchanged
during the growth of the culture, although we observed the
biomassincreasing(Figure 1(d)).Itwasshownthattheaddi-
tion of KNO3 into the medium lead to a signiﬁcant decrease
in the exoproteolytic activity, indicating the suppression
of secretion and possibly synthesis of the exoenzymes. As
exoproteinase secretion was inhibited in the presence of
nitrate, there was reason to believe that mineral nitrogen
regulates adaptation of the pathogens to the environment
by a mechanism that, according to the authors of [18], can
be attributed to catabolic repression. To study the eﬀect of
organicnitrogenontheexoproteinasesecretionofthepatho-
gens, yeast extract was extra added into the culture medium.
When the yeast extract was added to the culture medium a
noticeable increase in the exoproteinase secretion was ob-
served, which was accompanied by accelerated growth of
mycelium (Figures 1(b), 1(c),a n d1(d)). The yeast extract as
an additional source of nutritional substrates for the micro-
organism apparently acted as an inducer [19]. It is important
to point out that the oomycete was able to secret exopro-
teinases only in the presence of yeast extract. Therefore, we
conclude P. infestans is more exacting in its nutrition for
the enzyme production than for growth. It is interesting that
there was an observed interdependence for several factors
studied. Amongst others, the results showed the clear inter-
action between nitrogen source and nitrogen concentration.
Based on the observed interactions, the selection of environ-
mental factors to increase protease activity is not straight-
forward, as unexpected antagonistic or synergistic eﬀects can
occur.Thereweresomediﬀerencesintheeﬀectoftheenviro-
nmental parameters on the various proteinase-related phe-
notypes.
Not all of the deﬁned media tested in the present study
gave production of the examined enzymes, although they all
supported fairly good growth. Total proteinase activity in-
creasedwiththedegreeofevolutionary“development”ofthe
isolates,whichoriginatedfromphylogeneticallydistantfungi
belonging to the kingdom true fungi Ascomycetes (F. cul-
morum) and Basidiomycetes (R. solani), while P. infestans
belong to the phylum Oomycota (Figure 1(a)). Traditionally,
due to their ﬁlamentous growth habit, oomycetes have been
classiﬁedinthekingdomFungi.However,modernmolecular
and biochemical analyses suggest that oomycetes have little
taxonomic aﬃnity with ﬁlamentous fungi but are more
closely related to brown algae (heterokonts) in the strameno-
piles, one of several major eukaryotic kingdoms [20–22]. In
a series of initial screening experiments of the factors investi-
gated, only medium pH and nitrogen concentration particu-
lar strongly aﬀected the extracellular proteinase activities. It
wasfoundthatthemediumpHrangedfromslightlyacidicto
neutral and reached a constant value of 7.2–7.4 after 12 days
(Figure 1) during the growth of the isolates. The capacity of
pathogenic fungi to support the medium pH did not depend
on the composition of the culture media. The dependence
of synthesis and secretion of exoproteinases on the medium
pH has also been found in some microorganisms [23]. Con-
sequently, the pH can be attributed as one of the factors con-
trolling these processes. Fungi are known to modify the en-
vironmental pH to regulate pH [24]. However, fungi nor-
mally avoid natural habitats with unsuitable pH, possibly
because of the metabolic costs of this type of adjustments in
competition with more speciﬁcally pH-adapted microorgan-
isms. Finally, the proteolytic enzyme activity is known to be
strongly pH dependent, so in order to have eﬀective protein
degradation the pH optimum of the proteolytic enzymes
should ideally match the pH of their habitat. We observed
that the pH values of the medium aﬀected the growth of the
isolates (Figure 1,c u r v e s3 ) .
It was shown that the secretion of proteinases depended
on the cultivation temperature. When the culture was grown
at 28◦C a decrease in the proteolytic amidase activity
w a so b s e r v e d .T h et e m p e r a t u r eo f2 1 ◦Cw a so p t i m a lf o r4 Journal of Pathogens
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Figure 1: The fungal phylogenetic tree [4] (a) with mapping on it of the exoproteinase activity (A) and wet biomass (B) variations during
the growth of R. solani (b), F. culmorum (c), and P. infestans (d) on culture media without (1) and with (2) yeast extract. Curve 3 shows the
change in medium pH during the growth of the microorganism.
the production of exoproteinases by the isolates, and appar-
ently corresponded to the temperature regime of its habitat
in the natural environment. This temperature optimum for
the studied pathogen and its inability to grow at higher
temperatures may reﬂect its distribution in natural habitats
that are buﬀered against higher temperatures. The study of
Allain-Boul´ e et al. [25]r e p o r t e dt e m p e r a t u r eo p t i m u mo f
20–25◦C for several strains of Pythium attrantheridium iso-
lated from cavity spot lesions on carrots and on apple and
cherry seedlings. Similarly, in vitro growth of PythiumJournal of Pathogens 5
splendens, a species that causes a root disease of carambola in
southern Florida, decreases at temperatures above 30◦C
[26].
Theexoenzymessecretedbyfungiwerethemosteﬀective
at neutral and slightly alkaline pH values. So, exoproteinases
of F. culmorum were characterized by the maximum of pro-
teolytic activity at pH 8.0, and of R. solani at pH 8.5. The
highest level of exoproteinase activity of P. infestans was ob-
served at neutral pH values and was characterized by a maxi-
mum at pH 7.0. The second some increase of the enzyme
activity of P. infestans was exhibited at slightly alkaline pH
indicating the presence of proteinases with pH optimum of
action in the region from 8 to 9.
It was indicated by SDS-PAGE that all studied isolates
secreted three or more proteins with proteolytic activity
(Figure 2). They had molecular masses ranging from 12 to
65kDa. Fusarium culmorum and P. infestans predominantly
produced 29- and 49-kDa proteinases, and R. solani secreted
a 67- and 22-kDa proteinases (Figure 2). Exoproteinases of
all three pathogens showed low activity toward casein and
hemoglobin, while activity in azocasein assay was much
higher (Table 1).
Table 2 presents data of the exoenzyme activity depen-
dence on the substrate used. There are clear catalytic diﬀer-
ences between subtilisins and trypsins, in their substrate spe-
ciﬁcities can allow their distinction. It is evident that P. infes-
tans exoproteinases most eﬀectively hydrolyzed BAPNA (a
substrate for trypsin-like proteinases) and to a lesser extent
Z-AALPNA (a substrate for subtilisin-like proteinases). At
the same time, the exoproteinases did not act on the sub-
strates for chymotrypsin- and elastase-like proteinases (Suc-
GGFPNAandAc-AAAPNA,resp.),aswellasforaminopepti-
d a s e s( L P N A ) .T h ee n z y m e ss e c r e t e db yF. culmorum hydro-
lyzed Z-AALPNA very eﬃciently and to a lesser extent
BAPNA. They showed low activity toward substrates for
chymotrypsin- and elastase-like proteinases, and for amino-
peptidases as well. For the exoenzymes secreted by R. solani
the proﬁle depended on the culture medium composition
(Table 3). BAPNA was hydrolyzed most eﬃciently if the yeast
extract was absent, but Z-AALPNA was signiﬁcantly less ef-
ﬁciently hydrolyzed. Speciﬁc substrates for chymotrypsin-
and elastase-like proteinases and for aminopeptidases were
hydrolyzedpoorlyifatall.Theadditionofyeastextractledto
a change in the proteinase spectrum: Z-AALPNA was hydro-
lyzed most eﬀectively, but BAPNA was much more poorly
hydrolyzed (more than ﬁve times, see Table 3). Analysis of
the data on the eﬀect of synthetic substrates speciﬁc to cer-
tain groups of proteinases to the exoenzyme activity of the
oomycete and the fungi indicated that P. infestans secreted
predominantly serine and metalloproteinases, and the en-
zymes of serine type are trypsin- and subtilisin-like protein-
ases. In the case of F. culmorum the exoproteinases are repre-
sented mainly by subtilisin- and trypsin-like enzymes. The
exoproteinaseproﬁleofP. infestans andF.culmorumwerenot
dependent on medium composition.
Exoenzymes of the fungus R. solani were represented by
serine-type proteinases too. When R. solani was grown with-
out yeast extract, trypsin-like serine proteinases were secret-
ed mainly, including SH-dependent serine enzymes. The
Table 1: Proteinase activities secreted by the three species studied
in azocasein assay.
Species Mycelia wet weight,
g/250mL of medium
Speciﬁc proteinase
activity, U/mg of
protein
P. infestans 17.5 ± 0.04 4.5 ± 0.14
F. culmorum 58.3 ± 0.18 27.2 ± 1.07
R. solani 38.5 ± 0.05 22.4 ± 0.92
Table 2: Exoproteinase activity (U, nmol/mg of substrate per min-
ute) of the oomycete P. infestans, fungi R. solani, and F. culmorum
in hydrolysis of p-nitroanilides of amino acids and tripeptides (sub-
strate concentration was 0.5 mM).
Substrate Exoproteinases
of P. infestans
Exoproteinases
of R. solani
Exoproteinases
of F. culmorum
BAPNA 4.2 ± 0.17 2.7 ± 0.07 1.9 ± 0.06
Z-AALPNA 2.1 ± 0.08 0.5 ± 0.02 6.7 ± 0.23
Suc-FPNA 0 ± 0.00 0 ± 0.00 0.4 ± 0.01
Suc-GGFPNA 0 ± 0.00 0 ± 0.00 0.5 ± 0.01
LPNA 0 ± 0.00 0.1 ± 0.01 1.1 ± 0.03
Ac-AAAPNA 0 ± 0.00 0.1 ± 0.01 1.0 ± 0.02
Table 3: Total exoproteinase activity of R. solani grown on medium
without and with yeast extract.
Substrate
Speciﬁc activity, U/mg of protein/min
with 1% yeast extract without yeast extract
Azocasein 83.3 ± 2.34 15.0 ± 0.56
BAPNA 26.0 ± 0.88 10.0 ± 0.31
Z-AALPNA 40.0 ± 1.38 1.8 ± 0.06
subtilisin-like proteinase activity was signiﬁcantly lower
(Table 3). In the presence of yeast extract the composition of
R. solani exoenzymes was enriched in subtilisin-like protein-
ases whereas the content of trypsin-like enzymes was dec-
reased signiﬁcantly (Table 3). The presence of a reducing
agent (L-cysteine with EDTA) did not aﬀect the proteolytic
activity of the fungal exoproteinases in the azocasein assay,
which indicated the absence of cysteine exoproteinases in the
growth medium.
Theinteractionofdiﬀerentsyntheticinhibitorswithexo-
proteinases secreted by the three microorganisms was stud-
ied (Table 4). EDTA, which has often been used as an indi-
cator of metalloproteinases, had some eﬀect only upon the
total proteolytic activity of the exoenzymes of P. infestans.
The proteolytic activity of P. infestans exoproteinases was re-
duced by almost twofold in the presence of L-cysteine with
EDTA. This indicated the presence of exometalloproteases
whose activity was inhibited by EDTA (Table 4). This was
conﬁrmed by increase in the P. infestans exoproteinase acti-
vity by 50% in the presence of 1mM CaCl2 at pH 7.0. It is
well known that metalloproteinases of microorganisms are
activated in the presence of calcium ions [27]. PMSF inhi-
bited eﬀectively; this suggests that all the exoenzymes are
serineproteinases.Analysisofchloromethylketonetreatment6 Journal of Pathogens
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Figure 2: Gelatinous zymograms of exoproteinases obtained by SDS-PAGE of partially puriﬁed culture media after 12 days of growth of R.
solani(lane1),P.infestans(lane2),andF.culmorum(lane3).LaneM representsthemolecularmass(kDa)markersasfollows:phosphorylase
b (94), bovine serum albumin (67), egg albumin (43), carboanhydrase (30), Kunitz soybean trypsin inhibitor (20,1), and lactalbumin (14.4).
About 50mcg of the protein were added onto the lines 1–3.
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Figure 3: Eﬀect of protein proteinase inhibitors on amidase activities (%) of R. solani (a) and F. culmorum (b) exoproteinases. 1—trypsin
inhibitor from potato tubers [27], 2—chymotrypsin I inhibitor [30], 3—SKTI, 4—trypsin inhibitor from honey locust seeds [31], 5—
subtilisin inhibitor from potato tubers [32], 6—SBBI. For the amidase activity measurements BAPNA and Z-AALPNA were used as the
substrates, respectively.
showed that the serine proteinases were trypsin-like
(Table 4). So the data obtained in the experiments with syn-
thetic inhibitors conﬁrmed that the oomycete P. infestans
secreted serine- and metalloproteinases predominantly and
that serine-type enzymes were trypsin- and subtilisin-like
proteinases. The F. culmorum exoproteinases were mainly
subtilisin- and trypsin-like enzymes. Treatment with mer-
curic chloride signiﬁcantly reduced the amidase proteolytic
activities of the exoenzyme (Table 4). That serves as once
more conﬁrmation of the presence of serine proteinases in
the culture medium of F. culmorum. The results of the
azocasein assays (Table 4) show that inhibitions of aspartate
and cysteine proteinases were small or absent.
The interaction of exoproteinases secreted by R. solani
and F. culmorum with the natural protein serine proteinase
inhibitors isolated from potato tubers and legume seeds was
also studied (Figure 3). The activity of R. solani exoprotein-
ases was inhibited most eﬀectively by speciﬁc trypsin inhi-
bitorsfrompotatotubersandfromhoneylocustseedsaswell
as soybean Kunitz trypsin inhibitor (SKTI) (Figure 3(a), cur-
ve 1, 3, and 4). The interaction of potato chymotrypsin inhi-
bitor I with exoproteinases was much weaker (Figure 3(a),
curve 2). The mentioned assumption about the trypsin-like
activity of R. solani exoproteinases grown without yeast ex-
tract was conﬁrmed. SKTI and soybean Bowman-Birk inhi-
bitor (SBBI) acted on exoproteinases of F. culmorum much8 Journal of Pathogens
more weakly (Figure 3(b), curve 3 and 6). However, the spe-
ciﬁc subtilisin inhibitor from potato tubers inhibited
eﬀectively their activity, reducing it by more than 60%
(Figure 3(b), curve 5). This indicates that the subtilisin-like
enzymes constitute a signiﬁcant part of the F. culmorum exo-
proteinases.Similarresultswereobtainedinthestudyofpro-
tein inhibitor action on the enzymes secreted by P. infestans
(data not presented). The data obtained in the experiments
conﬁrmed belonging of exoproteinases of the fungi and
oomycete to the chymotrypsin clan of proteolytic enzymes
[6]. It should be noted that potato subtilisin inhibitor sup-
pressed in vitro growth and development of F. culmorum
macroconidiaandP. infestans zoospores [27].Wecanassume
that the secreted exoproteinases of the phytopathogenic
microorganisms are a factor of their pathogenicity.
Thus, the inhibitor analysis of the major extracellular
proteinases of pathogenic fungi R. solani and F. culmorum
and the oomycete P. infestans showed that they belong to
the group of serine proteinases mainly. The substrate speci-
ﬁcity of the proteinases and their sensitivity to synthetic and
natural inhibitors suggested that the enzymes of F. culmorum
and P. infestans are trypsin-like and subtilisin-like protein-
ases. The exoenzymes of R. solani depended on the culture
medium composition, especially on the form of nitrogen
nutrition. When R. solani grows as a saprobe the exoenzyme
was represented by subtilisin-like proteinases. Although R.
solani has been isolated only from potato tissues, it can be
thought to persist as a saprobe that lives on plant debris, as
evidenced by the increase in subtilisin-like activity. The sec-
retion of the trypsin-like proteinases in culture can be due to
their participation in tissue degradation or aid to infection
by destroying pathogenesis-related proteins or other non-
structural molecules. It is intriguing to speculate that exo-
proteolytic competence of the ascomycete R. solani allowed
growth on a greater variety of living and nonliving protein-
aceous substrates. In reviewing the protease data it is impor-
tant to recognize that only those enzymes that retain activity
after sample electrophoresis are displayed by SDS-substrate-
PAGE, whereas the azocasein assays report the sum of the
activities of all of the proteases present in the sample. This
explains the diﬀerences under the condition of the electro-
phoreticseparation(Figure 2)andtheeﬀectsofinhibitorson
total protease activity shown in Table 4. This may have been
a component allowing niche diﬀerentiation between the
ascomycetesandthebasidiomycetes,whichwillhaveadapted
the former to pathogenicity to animals or may have derived
from adaptation to pathogenicity. In any event, the fact that
two families of subtilisins radiated in the early ascomycetes
suggest that these fungi had a lifestyle that selected for multi-
ple proteinase activities.
4. Conclusion
The range of nutritional sources utilized by a certain fungus
is regarded as a consequence of diverse molecular, cellular,
and ecological factors. Many of the enzymes secreted by
pathogenicfungicanaﬀecttheirrelationships withplantand
animal hosts. This suggests that diﬀerences in the properties
oftheenzymesprovideselectiveadvantagesindiﬀerenthabi-
tats.Theserineproteinasesareverywidespreadinnatureand
are involved in a wide variety of biological processes. Enzy-
mes belonging to this class vary signiﬁcantly in substrate
speciﬁcity, which can correspond to the requirements of
fungal ecological niches [7]. According to the opinion of Hu
and St. Leger R. J. [28], the fragmentary distribution of tryp-
sins among fungi indicates that their phylogenetic distribu-
tion may be greater in the early fungi than in modern ones.
Our data suggest that diﬀerent nutritional sources can
be important for the diﬀerential production of serine pro-
teinases. The multiple subtilisins in pathogenic fungi could
play diﬀerent roles in pathogenesis, increase adaptability and
host range, or have diﬀerent functions in survival in various
ecological habitats outside the host. Like subtilisins, the
trypsins are inducible by environmental cues [9, 29]. Thus,
there are several mechanisms available for diﬀerent strains
to adapt enzyme activities to their speciﬁc needs on their
particular hosts. The diﬀerential production of these classes
of proteolytic enzymes suggest that substrate speciﬁcity may
be important and that tradeoﬀs may prevent the simultane-
ous upregulation of both classes of enzymes. It appears total
proteinase activity increases with the degree of evolutionary
“advancement” of the fungus. These exceptional phylogenies
could reﬂect convergent evolution through which phylo-
genetically distinct enzymes evolved to share signiﬁcant
similarity, perhaps by targeting similar substrates.
Despite few morphological similarities, phylogenetic
analysis have shown that there are more similarities in the
exoproteinasecompositionbetweentheoomyceteP. infestans
and the ascomycete F. culmorum although they are more
distant relatively than the distance between the ascomycete
and basidiomycete R. solani. Our study also suggests that the
in vitro behavior of these species cannot be directly related
to the ecological niche from which they have been isolated.
This diﬀerence between the proteinases can reﬂect the phys-
iological diﬀerence between their nutritional environments
(saprotroph and phytopathogen) [9].
Fungi normally produce a wide range of proteolytic en-
zymes to degrade protein substrates. However, diﬀerences in
the properties of the proteinases found in the studied organ-
isms were unlikely to be caused by variations in food sub-
strate composition only as all our experiments involved the
same culture media. It seems likely, therefore, that the pro-
teinasecompositionsthatweobservedhaveasigniﬁcantgen-
etic component.
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